Starting from the assumption that ferromagnetically correlated regions exist in manganites even in the absence of long-range magnetic order, we construct a model of charge transfer due to the spin-dependent tunnelling of charge carriers between such regions. This model allows us to analyze the temperature and magnetic field dependence of resistivity, magnetoresistance, and magnetic susceptibility of phase-separated manganites in the temperature range corresponding to non-metallic behavior. The comparison of theoretical and experimental results reveals the main characteristics of the phase-separated state.
Introduction
Unusual properties and the richness of the phase diagram of manganites gave rise to a huge number of papers dealing with different aspects of the physics of these compounds. A special current interest to manganites is related to the possible existence of various inhomogeneous charge and spin states such as lattice and magnetic polarons, droplet and stripe structures, etc. (Dagotto et al., 2001; Nagaev, 2001; Kagan and Kugel, 2001) . Analogous phenomena are well known for many strongly correlated systems where the electron-electron interaction energy is higher than the kinetic energy. One of the most spectacular manifestations of such a behavior, i.e. the formation of ferromagnetic (FM) droplets (ferrons) was predicted in Ref. (Nagaev, 1967) for low-doped antiferromagnetic (AFM) semiconductors. Another example is a formation of a string (linear trace of frustrated spins) upon the motion of a hole in an AFM isolator (Bulaevskii et al., 1968) . Both these examples refer to the so-called electron phase separation, when a single charge carrier changes locally its electronic environment. In addition to this nanoscale phase separation, manganites can also exhibit a large-scale phase separation corresponding to the coexistence of different phases characteristic of first-order phase transitions (e.g., the transition between AFM and FM states). An example of this large-scale phase separation is given by the formation of relatively large FM droplets inside the AFM matrix. These droplets with linear sizes of about 100-1000Å were observed in several experiments, in particular, by neutron diffraction methods in Ref. (Balagurov et al., 2001) . Note also that the attraction between one-electron ferromagnetic droplets (mediated by either elastic or magneto-dipole interaction) can result in merging of the ferrons and formation of intermediate to large-scale inhomogeneities (Lorenzana et al., 2001 ). There exist clear experimental indications suggesting that the phase separation is inherent for both magnetically ordered phases and the paramagnetic state (Dagotto et al., 2001; Nagaev, 2001; Kagan and Kugel, 2001; Solin et al., 2003) . Therefore, the formation of inhomogeneous states proved to be a typical phenomenon for manganites in different parts of their phase diagram. Moreover, the phase separation should strongly affect the magnetic and transport properties of manganites.
Phase separation arguments are most often used for the domain of the existence of antiferromagnetism and especially in the vicinity of a transition between AFM and FM states. However, as we mentioned earlier, a manganite can be inhomogeneous even in the paramagnetic state at temperatures exceeding the corresponding phase transition temperature. An analysis of experimental data reveals a substantial similarity in the high-temperature behavior of resistivity, magnetoresistance, and magnetic susceptibility for various manganites with different lowtemperature states Fisher et al., 2003; Wagner et al., 2002; Zhao et al., 2001 ). In addition, the magnetoresistance turns out to be rather large far from the FM-AFM transition and even in the paramagnetic region. Furthermore, the magnetic susceptibility of manganites is substantially higher than that for typical antiferromagnets. These experimental data clearly suggest the existence of significant FM correlations in the high-temperature range.
Here, we start from the assumption that the ferromagnetically correlated regions exist in manganites above the temperatures characterizing the onset of the long-range magnetic (FM or AFM) ordering. This assumption allows us to describe the characteristic features of resistivity, magnetoresistance, and magnetic susceptibility of manganites in the non-metallic state within the framework of one model. Below, we base our discussion on the model of conductivity of phase-separated manganites developed in Ref. Rakhmanov et al., 2001; Sboychakov et al., 2002; Sboychakov et al., 2003) and use experimental data for manganites of different compositions reported in Ref. Fisher et al., 2003; Wagner et al., 2002; Zhao et al., 2001) . Note that in this paper we do not limit ourselves by consideration of only one-electron magnetic droplets (ferrons) but rather generalize previously obtained results to the case of arbitrary number of electrons in ferromagnetically correlated domains.
In Section 2, the temperature dependence of resistivity is analyzed for the inhomogeneous state with the density of FM-correlated regions being far from the percolation threshold. In Sections 3 and 4, within the same assumptions, we discuss the magnetoresistance of manganites and their magnetic susceptibility, respectively. As a result, it is shown that the model of inhomogeneous state provides a good description for the high-temperature behavior of manganites.The comparison of theoretical results and experimental data allows us to reveal the general characteristics of ferromagnetically correlated regions.
Resistivity
In the analysis of the temperature dependence of resistivity, we will have in mind the physical picture discussed in the paper (Rakhmanov et al., 2001) . That is, we consider a non-ferromagnetic insulating matrix with small ferromagnetic droplets embedded in it. Charge transfer occurs via tunnelling of charge carriers from one droplet to another. A tunnelling probability depends, strictly speaking, upon applied magnetic field. We assume that the droplets do not overlap and the whole system is far from the percolation threshold. Each droplet can contain k charge carriers. When a new charge carrier tunnel to a droplet, it encounters with the Coulomb repulsion from the carriers already residing at this droplet. The repulsion energy A is assumed to be relatively large (A > k B T ). In this case, the main contribution to the conductivity is related to the processes involving the droplets containing k, k + 1, or k − 1 carriers. The corresponding expression for the resistivity ρ(T ) has the form
where e is the charge of the electron, ω 0 determines the characteristic energy of electrons in a droplet, l is the characteristic tunnelling length, and Temperature dependence of the resistivity for (La1−yPry)0.7Ca0.3MnO3 samples n is the concentration of ferromagnetic droplets. Expression (1) could be easily derived by the method described in Ref. (Rakhmanov et al., 2001 ). This expression is a straightforward generalization of the corresponding formula for the conductivity obtained for the case of one-electron droplets (Rakhmanov et al., 2001) . Electrical resistivity (1) exhibits a thermoactivation behavior where activation energy is equal to one half of the Coulomb repulsion energy (for details see Ref. (Rakhmanov et al., 2001) ). Expression (1) provides a fairly good description for the temperature dependence of the electrical resistivity for various manganites. As an illustration, in Figs. 1-4, we present experimental ρ(T ) curves for six different materials. Experimental data are plotted for samples reported in Ref. Fisher et al., 2003; Wagner et al., 2002; Zhao et al., 2001) . The authors of these papers kindly provided us by the detailed numerical data on their measurements. As it could be seen from the figures and their captions, the examined samples differ in their chemical composition, type of crystal structure, magnitude of electrical resistivity (at fixed temperature, the latter varies for different samples by more than two orders of magnitude), and also by their lowtemperature behavior (which is metallic for some samples and insulating for the others). On the other hand, in the high-temperature range (above the point of ferromagnetic phase transition), ρ(T ) exhibits a similar behavior for all the samples, which is well fitted by the relationship ρ(T ) ∝ T exp(A/2k B T ) (solid lines in the figures).
Based on Eq.
(1) and experimental data, one can deduce some quantitative characteristics of the phase-separated state. In particular, the analysis carried out in the papers (Zhao et al., 2001; Zhao et al., 2002) demonstrated that an accurate estimate for the value of Coulomb energy A can be found by fitting experimental data and using Eq. (1). The data represented in Fig. 1-4 suggest that the Coulomb barrier A can be determined with an accuracy of 2-3% and its value lies in the narrow range from 3500 to 3700 K (see Table 1 ). As it was mentioned in the papers (Zhao et al., 2001; Rakhmanov et al., 2001; Zhao et al., 2002) , the characteristic frequency ω 0 in (1) can also vary in a restricted range of 10 13 -10 14 Hz. This estimate might be derived, for example, from the uncertainty principle:hω 0 ∼h 2 /2ma 2 , where a is a characteristic droplet size, and m is the electron mass. Assuming a ∼ 1 − 2 nm, one Temperature dependence of the resistivity for a layered manganite (La0.4Pr0.6)1.2Sr1.8Mn2O7 (Wagner et al., 2002) : experimental data (circles) and theoretical curve (solid line) based on Eq. (1).
obtains the latter estimate. Note also that these values of a droplet size allow us to find an estimate for the barrier energy A, which is accurate within the order of magnitude. This energy is of the order of e 2 /εa, and substituting permittivity ε ∼ 10, we get a value of A consistent with the experimental data. Table 1 . Temperature dependence of the resistivity for La0.8Mg0.2MnO3 sample (Zhao et al., 2001) : experimental data (circles) and theoretical curve (solid line) based on Eq. (1).
It is rather difficult to estimate the tunnelling length l. However, we can say that in the domain of the applicability of relationship (1), length l cannot be much smaller than an interdroplet spacing (Rakhmanov et al., 2001) . In another situation, the behavior of the resistivity would be different. In the quasiclassical approximation, the tunnelling length is of the order of the characteristic size for the wave function provided the barrier height is comparable with the depth of the potential well. In our case, the size of the electron wave function is of the order of a ferron size, while the height of the barrier practically coincides with the depth of the potential well. The latter naturally follows from the model of ferron formation (Nagaev, 2001 ). Therefore, it seems reasonable to assume the tunnelling length to be of the same order as a ferron size (few nanometers), though, generally speaking, it can substantially differ from a.
It is rather nontrivial task to estimate the concentration n of ferrons. In fact, following the papers (Zhao et al., 2001; Zhao et al., 2002) , concentration n could be determined by the dopant concentration x as n ≈ x/d 3 . Yet this approach would bring at least two contradictions. First, even under the moderate concentration of divalent element x = 0.1 − 0.2 the droplets should overlap giving rise to the continuous metallic and ferromagnetic cluster. However, the material could be insulating even at larger concentrations (x = 0.5 − 0.6), at least, in a high-temperature range. Second, as it can be seen from the experimental data, the relation between a dopant concentration and the conductivity of manganites is relatively complicated -for some materials changing x by a factor of two can change resistivity by two orders of magnitude (Zhao et al., 2001; Zhao et al., 2002) , for other materials ρ(x) exhibits even a nonmonotonic behavior in certain concentration ranges. Note that these discrepancies are essential not only for our model of phase separation but also for other models dealing with the properties of manganites (e.g., polaronic models (Ziese and Srinitiwarawong, 1998; Jakob et al., 1998) ). Unfortunately, the authors of the papers (Zhao et al., 2001; Zhao et al., 2002) do not take into account these considerations when analyzing their results from the standpoint of the existing theories of the conductivity in manganites. The natural conclusion is that the number of carriers, which contribute to the charge transfer processes does not coincide with the concentration of the divalent dopant x. This is particularly obvious in the case of charge ordering when some part of the carriers introduced by doping becomes localized and forms a regular structure.
Therefore, using expression (1) and experimental data, we are able to obtain also the value of the combination l 5 n 2 k. In Table 1 , the values of Coulomb energy A, resistivity ρ at 200 K and, combination l 5 n 2 k are presented. All estimations were made based on Eq. (1) and the experimental data of Fig. 1-4 . Note that whereas the accuracy of the estimate for A is about ±50 K, the combination l 5 n 2 k could be estimated only by the order of magnitude (at least, due to the uncertainty in the values of frequency ω 0 ).
Magnetoresistance
In the papers Sboychakov et al., 2002; Sboychakov et al., 2003) , it was demonstrated that the model of phase separation considered here results in a rather specific dependence of the magnetoresistance M R(T, H) on temperature and magnetic field. At relatively high temperatures and not very strong magnetic fields, the expression for the magnetoresistance reads where µ B is the Bohr magneton, S is the average spin of a manganese ion, N ef is the number of manganese atoms in a droplet, Z is the number of nearest neighbors of a manganese ion, g is the Landé factor, J is the exchange integral of the ferromagnetic interaction, and H a is the effective field of magnetic anisotropy of a droplet. The M R ∝ H 2 /T 5 dependence was observed in the experiments for a number of manganites in the region of their non-metallic behavior Fisher et al., 2003) . The same high-temperature behavior of the magnetoresistance can be obtained by processing the experimental data reported in Ref. (Wagner et al., 2002; Zhao et al., 2001 ) (see .
The value of S depends on the relative content of a trivalent and a tetravalent manganese ions and ranges from 3/2 to 2. Below it is assumed that S = 2 for all the estimations. Parameter Z is, in fact, the number of manganese ions interacting with a conduction electron placed in a droplet. It is reasonable to assume that Z is of the order of the number of nearest-neighbor sites around a manganese ion, i.e. Z ≈ 6. The Landé factor g is determined from the experimental data. For manganese, g is usually assumed to be close to its spin value 2. The exchange integral J characterizes the magnetic interaction between a conduction electron and the molecular field generated by ferromagnetically correlated spins in a droplet. It is this molecular field that produces a) b) (Fisher et al., 2003) c) (Wagner et al., 2002) d) (Zhao et al., 2001) * Temperature dependence of the magnetoresistance for (La0.4Pr0.6)1.2Sr1.8Mn2O7 sample at H = 1T: experimental data (triangles) (Wagner et al., 2002) and theoretical curve (solid line) based on Eq. (2).
a ferromagnetic state at low temperatures. Therefore, we can use a wellknown relationship S(S + 1)ZJ/3 = k B T C of the molecular field theory to evaluate the exchange integral (here T C is the Curie temperature). The value of T C is determined from the experiment (based on neutron diffraction or magnetization measurements). For example, in La-Pr-Ca manganites, it is about 100 − 120 K (Balagurov et al., 2001) .
The magnetic anisotropy of manganites related to crystal structure of these compounds is usually not too high. This implies that the main contribution to the effective field of a magnetic anisotropy H a stems from the shape anisotropy of a droplet and can be evaluated as H a = π(1 − 3Ñ )M s , whereÑ is the demagnetization factor of the droplet (along the main axis), M s is the magnetic moment per unit volume of the droplet. Below we assume a droplet to be sufficiently elongated (Ñ ≪ 1) and
The value of N ef is determined by the size of a droplet and it could be found from the neutron diffraction experiments. However, we are unaware of such measurements performed for the systems under discussion in a wide temperature range. Therefore, N ef is treated here as a fitting parameter. Hence, using Eq. (2) and the above estimates, we can deter- Temperature dependence of the magnetoresistance for La0.8Mg0.2MnO3 sample at H = 1.5T: experimental data (triangles) (Zhao et al., 2001 ) and theoretical curve (solid line) based on Eq. (2). mine the value of N ef from the experimental data on the magnetoresistance (in the range of parameters corresponding to M R ∝ H 2 /T 5 ). The results are summarized in Table 2 . In Figs. 5-8, solid curves correspond to the fitting procedure based on Eq. (2). The value of T C was chosen to be equal to 120 K.
As a result, the size of the ferromagnetically correlated regions turns out to be nearly the same at temperatures about 200-300 K for all compositions under discussion. The volume of these regions is approximately equal to that of a ball with 7-8 lattice constants in diameter. It is natural to assume that within a droplet the number of charge carriers contributing to tunnelling processes equals to the number of dopant atoms. Hence, we can write that k = N ef x, where x is the atomic percentage of dopants. The values of x and k are presented in Table 2 .
Magnetic susceptibility
The concentration of droplets can be evaluated based on the magnetic susceptibility data, if we assume that the dominant contribution to the susceptibility comes from the ferromagnetically correlated regions. At high temperatures (k B T ≫ µ B gSN ef H, µ B gSN ef H a ), susceptibility Temperature dependence of the inverse magnetic susceptibility for La1−yPry)0.7Ca0.3MnO3 sample at y = 1: experimental data (triangles) and theoretical curve (solid line) based on Eq. (3). For the other samples of this group, the behavior of χ(T ) at high temperatures is rather similar to that illustrated in this figure (see Ref. ). Temperature dependence of the inverse magnetic susceptibility for Pr0.71Ca0.29MnO3 sample: experimental data (triangles) (Fisher et al., 2003) and theoretical curve (solid line) based on Eq. (3). The sample was porous, its density was assumed to differ by a factor of 0.7 from the theoretical value.
χ(T ) can be written as
where Θ is the Curie-Weiss constant. The results of the processing of the experimental data are presented in Table 3 . In Figs. 9-12, the solid curves correspond to the fitting procedure based on Eq. (3). Using these results, we can also estimate the concentration of ferromagnetic phase as p = nN ef d 3 . For all the samples, the value of the lattice constant d was taken to be equal to 3.9Å. Based on the data of Tables 1-3, it is also possible to find an estimate for the tunnelling length l.
Discussion
To sum up, the analysis performed in the previous sections demonstrates that a simple model of the electron tunnelling between the ferromagnetically correlated regions (FM droplets) provides a possibility to describe the conductivity and the magnetoresistance data for a wide class of manganites. The comparison of the theoretical predictions with the experimental data on the temperature dependence of the resistivity, magnetoresistance, and magnetic susceptibility enables us to reveal various characteristics of the phase-separated state such as the size of Figure 11 . Temperature dependence of the inverse magnetic susceptibility for the sample of (La0.4Pr0.6)1.2Sr1.8Mn2O7layered manganite: experimental data (triangles) (Wagner et al., 2002) and theoretical curve (solid line) based on Eq. (3).
FM droplets, their density, the number of electrons in a droplet and also to estimate the characteristic tunnelling length of the charge carriers. The determined values of parameters appear to be rather reasonable. Indeed, the characteristic tunnelling length turns out to be of the order of FM droplet size, the concentration of the ferromagnetic phase in the high-temperature range is substantially smaller than the percolation threshold and varies from about 1 % to 7 %.
Note also that the droplets contain 50-100 charge carriers, whereas parameter A deduced from the experimental data is equal by the order of magnitude to the energy of Coulomb repulsion in a metallic ball of (7 ÷ 8) d in diameter. The obtained numerical values for the droplet parameters (characteristic tunnelling barrier, size, and tunnelling length) are close for manganites with drastically different transport properties.
The large magnitude of the 1/f noise in the temperature range corresponding to the insulating state is another characteristic feature of the phase-separated manganites (Podzorov et al., 2000; Podzorov et al., 2001 ). In the framework of the model of phase separation discussed here, the following expression for the Hooge constant was derived in the Temperature dependence of the inverse magnetic susceptibility for La0.8Mg0.2MnO3 sample: experimental data (triangles) (Zhao et al., 2001 ) and theoretical curve (solid line) based on Eq. (3).
papers (Rakhmanov et al., 2001; Sboychakov et al., 2002) 
where δU 2 ω is the spectral density of the voltage fluctuations, V s is the volume of a sample, U DC is the applied voltage, andω 0 = ω 0 exp(A/2k B T ). Substituting to Eq. (4) the estimated values of the parameters presented in the tables and in the text, we get α H ≈ 10 −16 cm 3 at temperatures 100-200 K and frequencies 1-1000 s −1 . This value of α H is by 3-5 orders of magnitude higher than the corresponding values for semiconductors.
Thus, we have a rather consistent scheme describing the transport properties of manganites under condition that the ferromagnetically correlated regions do not form a percolation cluster. Moreover, the presented approach proves to be valid for a fairly wide range of the dopant concentrations. However, as it was mentioned above, the relation between the concentration of ferromagnetic droplets and the doping level is far from being well understood. If the picture of the phase separation is believed to be applicable, it becomes obvious that not all electrons or holes introduced by doping participate in the transport processes. Below we try to present some qualitative arguments illustrating the pos-sible difference in the effective concentration of charge carriers below and above the transition from paramagnetic to magnetically ordered state.
In the phase diagram of a typical manganite, one would have the AFM state with FM-phase inclusions in the low-temperature range and at a low doping level. The transition from AFM to FM phase occurs upon doping. At high temperatures, manganites are in the paramagnetic (PM) state. When the temperature decreases, we observe the transition from PM to AFM or FM state depending on the doping level.
Let us consider the behavior of such a system in the vicinity of a triple point. In the AFM phase, radius R of a region which one electron converts into FM state can be estimated as R = d πt/4J f f S 2 Z 1/5 (Kagan and Kugel, 2001), where J f f is an AFM interaction constant. For high-temperature PM phase, a radius R T of a region that one electron converts into FM state corresponds to the size of the so-called temperature ferron and equals to R T = d (πt/4k B T ln(2S + 1)) 1/5 ). The critical concentration x c ≈ 0.15 of the overlapping of low-temperature ferrons can be derived from the estimate x c ≈ 3/4π · (d/R) 3 , while for the high-temperature ferrons it follows from the estimate δ c ≈ 3/4π · (d/R T ) 3 . Substituting the expressions for the radii of the high-and the low-temperature ferrons to the ratio x c /δ c , we obtain the following estimate for this ratio in the vicinity of the triple point corresponding to the coexistence of FM, AFM, and PM phases: 
where T C and T N are the Curie and the Neel temperatures, respectively. For the manganites under discussion, we have T C ∼ T N ∼ 120-150 K and ln(2S + 1) ∼ 1.6 for S = 2, hence δ c ≤ x c . The sign of this inequality is in agreement with experimental data which imply δ ∼ 1 − 7 %. Thus, we do not have a clear explanation of the charge disbalance in paramagnetic region in spite of the fact that the trend is correctly caught by our simple estimates. Probably, at x > x c (in real experiments the concentration x can be as high as 50 %), the residual charge is localized in the paramagnetic matrix outside the temperature ferrons. The detailed study of this problem will be presented elsewhere.
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